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Abstract 
 
Lichens are symbiotic associations of heterotrophic fungi and photoautotrophic green algae or 
cyanobacteria. Bryoria is a lichenized euascomycete genus of approximately 50 currently accepted 
species. Although Bryoria is a conspicuous, easily recognized and frequently collected genus, species 
boundaries in this group are poorly known. This is especially the case with species in section Implexae 
where morphological and chemical variation is high even between individuals of the same species and 
genetic variation has been shown to be low in the examined markers.  
The aim of this study was to elucidate the taxonomic delimitation of the genus Bryoria, to examine 
the identity and selectivity of photobionts associated with Bryoria and to study the identity and 
phylogenetic placement of tremellalean fungi discovered from Bryoria.  Possible correlations between 
the identity of the photobiont and the secondary chemistry of the lichen, and the identity of the secondary 
fungi and the secondary chemistry of the host lichen were particularly searched for. To study these 
questions, the taxon sampling focused on the chemically variable section Implexae. In addition, 
ecological characteristics and the distribution of Bryoria section Implexae species and their chemotypes 
in Finland were investigated to see if they corroborate recent taxonomic concepts. 
The results show that B. pseudocapillaris and B. spiralifera previously considered as members of 
section Implexae actually belong to the genus Sulcaria. Phylogenetic analyses also revealed that these 
two species are conspecific and thus a new combination, Sulcaria spiralifera, is introduced. In 
agreement with other studies, genetic differentiation in section Implexae was found to be minimal.  
Although most species of section Implexae are genetically indistinguishable, in this study, many 
of them were observed to have different ecological preferences. Bryoria capillaris favors managed 
stands in southern Finland whereas B. implexa and B. kuemmerleana prefer the habitats of long 
continuity of northern Finland. Bryoria vrangiana is a common species throughout the country but the 
three chemotypes of this species have slightly different habitat preferences chemotype lacking 
secondary substances being more common in the northern parts of the country, gyrophoric acid 
containing chemotype preferring the central parts of the country and fumarprotocetraric acid containing 
chemotype favoring the southern habitats.  
All Bryoria species studied here, except B. smithii, associate with a photobiont belonging to the 
Trebouxia simplex group. Selectivity of Bryoria spp. towards their photobiont varies among species. 
Bryoria bicolor, B. furcellata, B. smithii and B. tenuis are selective towards their photobionts whereas 
B. americana and B. fremontii seem to be less selective in their choice of a photobiont. All species in 
the section Implexae associate with the same photobiont making them selective at the section level. 
Lichen secondary chemistry was not found to correlate with the photobiont identity in section Implexae.  
The three basidiomycete fungi discovered in this study belong to the order Tremellales and they 
represent two undescribed endolichenic species and one hyperparasitic species. The hyperparasitic 
species is described in this study as Tremella huuskonenii. Tremella huuskonenii is a parasite infecting 
Phacopsis huuskonenii, a lichenicolous fungus growing obligately on Bryoria spp. Neither T. 
huuskonenii nor the endolichenic fungi examined in this study were found to make host preferences 
based on the secondary chemistry of the host lichen.  
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1. INTRODUCTION 
 
1.1 Bryoria section Implexae 
 
Bryoria is a lichenized euascomycete genus in the family Parmeliaceae with predominantly 
circumboreal distribution although some species are also known to occur on the mountainous 
regions of the southern hemisphere (Brodo & Hawksworth 1977). Many species grow as 
epiphytes mainly on conifers but the genus also includes epilithic taxa. Around 50 species are 
currently accepted in the genus (http://www.indexfungorum.org). Bryoria is characterized by 
its pendent or shrubby, fruticose growth-form. Thalli consist of repeatedly branched, fine, 
capillary stems that are grey, brown or black in color. Many species have pseudocyphellae, 
small openings in the cortex, which can vary in form and color depending on the taxon in 
question.  Most species reproduce solely asexually from soredia or by fragmentation although 
fruiting bodies are occasionally encountered. 
Bryoria was separated from Alectoria and divided into five sections by Brodo and 
Hawksworth (1977) on the basis of anatomical, chemical and morphological characters. This 
thesis focuses on the taxonomically most challenging section, i.e. Implexae.  Brodo & 
Hawksworth (1977) included some 12 species in the section based on their small 
pseudocyphellae, typical secondary chemistry, e.g. the occurrence of β-orcinol depsidones 
other than fumarprotocetraric acid and characteristic cortical structure with friable branches. 
However, in a first molecular phylogeny of the genus, Myllys et al. (2011) showed that these 
characters are not useful in the circumscription of Implexae. The section was amended to 
include many species previously assigned to section Bryoria, i.e. B. glabra, B. lanestris and B. 
subcana, and was now characterized by pendent growth form and the absence of spinulose 
branches (Myllys et al. 2011). Surprisingly, none of the currently recognized species, except 
for B. glabra, appeared as monophyletic entities. Instead, the specimens were divided into two 
groups based on their geographic distribution. During the preparation of this thesis Velmala et 
al. (2014) decided, in spite of the lack of corroborating genetic evidence, to recognize altogether 
10 species in the section using traditional morphological and chemical characters. They 
suggested that some species had clear ecological preferences but these were not statistically 
examined. In the study of Velmala et al. (2014), species in section Implexae were divided into 
two clades according to geography: North American clade included all esorediate North 
American specimens comprising Bryoria friabilis, B. inactiva, B. kockiana, B. pikei and B. 
pseudofuscescens, whereas European clade consisted of European and more widely distributed 
sorediate taxa i.e. B. capillaris, B. fuscescens, B. implexa, B. kuemmerleana and B. vrangiana. 
The phylogenetic position of North American B. pseudocapillaris and B. spiralifera, the taxa 
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that previously had been placed in Implexae by Brodo & Hawksworth (1977), were not 
examined in the studies of Myllys et al.  (2011) and Velmala et al. (2014). 
Diagnostic characters used in the delimitation of species in Implexae include thallus 
morphology such as branching pattern and color, presence and type of soralia, and presence and 
form of pseudocyphellae. However, species in the section exhibit great morphological variation 
even between the individuals of the same species, thus making species delimitation challenging 
on a morphological basis alone. Therefore, in some cases chemical characters are the only way 
to separate the species (Velmala et al. 2014). The secondary substances occurring in Bryoria 
section Implexae are synthesized from polyketide derived aromatic compounds by acetyl-
polymalonyl pathway and can be further divided into three different groups: ß-orcinol 
depsidones which include fumarprotocetraric acid (B. fuscescens and B. vrangiana chemotype 
2), norstictic acid (B. kuemmerleana) and psoromic acid (B. implexa), ß-orcinol depsides 
including atranorin (accessory substance in many section Implexae species), alectorialic acid 
(B. capillaris) and barbatolic acid (B. capillaris), and orcinol depsides including gyrophoric 
acid (B. vrangiana chemotype 1). In addition to the gyrophoric acid and fumarprotocetraric acid 
containing chemotypes, B. vrangiana has a chemotype which lacks any lichen substances 
(chemotype 3).  
 
1.2 Symbiosis and parasitism in lichens 
 
The photobiont has an important role in lichen symbiosis and therefore photobiont selectivity 
has been extensively studied in many lichen groups. Some lichens have proved to be selective 
in their choice of photobiont (Beck et al. 2002; Yahr et al. 2004; Myllys et al. 2007; Piercey-
Normore 2009; Werth & Sork 2010; Otálora et al. 2013) while others are less selective 
(Romeike et al. 2002; Blaha et al. 2006; Piercey-Normore 2006; Nelsen & Gargas 2008; 
Ruprecht et al. 2012). The reproductive mode has been hypothesized to affect photobiont 
selectivity in lichens asexually reproducing species being more selective towards their 
photobionts than sexually reproducing species (O’Brien et al. 2013; Dal Grande et al. 2014). 
In asexual reproduction by joint dispersal both mycobiont and photobiont are transmitted 
together to the next generation in asexual propagules such as soredia, isidia or thallus fragments. 
In sexual reproduction, on the other hand, meiotic spores produced by the mycobiont must land 
on a suitable substrate and encounter a compatible photobiont in order to re-establish the 
symbiosis. Joint dispersal by asexual propagules is considered as a safe way to reproduce as 
opposed to sexual reproduction because mycobionts avoid the need to encounter a compatible 
photobiont which is not necessarily easy to find. In extreme cases, the maintenance of symbiotic 
association from one generation to the next could lead to high symbiont selectivity and 
specificity although evidence for this is contradictory (Wornik & Grube 2010; Dal Grande et 
al. 2012; Otálora et al. 2013). Recent studies have now shown that in asexually reproducing 
species algal switching seems to be more common than previously thought (Nelsen & Gargas 
2008; Wornik & Grube 2010). Low photobiont selectivity could enhance lichens’ chances of 
surviving in a wider range of environmental conditions (Romeike et al. 2002; Blaha et al. 2006) 
whereas species with high photobiont selectivity as a result of joint dispersal of the symbionts 
could be restricted to narrower ecological niches (Wornik & Grube 2010; Otálora et al. 2010). 
The role of the lichen secondary chemistry in the photobiont selection is poorly known. In the 
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only case where this was examined, the photobiont identity did not correlate with lichen 
secondary chemistry (Blaha et al. 2006).   
Lichen thalli often contain additional fungi that do not participate in the forming of the 
thallus they inhabit but derive their nutrition from the carbohydrates produced by the 
photobionts (Rambold & Triebel 1992). These fungi can be considered either as parasites or 
lichenicolous fungi harming the host thallus or as endolichenic fungi occurring 
asymptomatically inside apparently healthy thalli. There are approximately 1500 known species 
of lichenicolous fungi, the great majority of which belong to ascomycetes although several 
lichenicolous basidiomycetes have also been described (Lawrey & Diederich 2003). 
Lichenicolous fungi form gall-like structures or dark necrotic patches on their host thalli and 
they are considered as highly host specific. It is estimated, that 95% of currently described taxa 
are specialized in a single lichen genus (Lawrey & Diederich 2003). One of the explanations 
for the observed high host specificity could be the secondary metabolites produced by the lichen 
mycobionts. Previous studies have shown that lichen substances seem to inhibit the growth of 
many lichenicolous species except in species that have adapted to tolerate the substances 
produced by their hosts (Lawrey et al. 1999; Lawrey & Diederich 2003; Werth et al. 2013). 
 
 
2. AIM OF THE THESIS 
 
The aim of this thesis was to study the taxonomic delimitation of the genus Bryoria and to 
examine if the phylogenies of photobionts and secondary fungi associated with species in this 
genus correlate with the phylogeny of the host lichen. Possible correlations between the identity 
of the photobiont or the secondary fungi and the secondary chemistry of the host lichen were 
particularly searched for. In addition, the distribution and ecological preferences of section 
Implexae species and their chemotypes in Finland were studied.  
The specific aim of Chapter I was to examine the phylogenetic placement and taxonomy 
of Bryoria pseudocapillaris and B. spiralifera in relation to genera Sulcaria and Bryoria. 
Phylogenetic analyses were performed for molecular data obtained from several specimens 
representing genera Bryoria, Sulcaria, Alectoria, Bryocaulon, Gowardia, Nodobryoria and 
Pseudephebe.  
In Chapter II, photobiont identity, diversity and selectivity in the genus Bryoria was 
studied by estimating phylogenies for both mycobiont and photobiont partners. In addition, 
possible correlation between the identity of the photobiont and the occurrence of secondary 
metabolites produced by the mycobiont was investigated.  
The aim of Chapter III was to examine the identity and phylogenetic position of 
endolichenic or lichenicolous basidiomycete fungi growing on Bryoria, reconstruct a 
phylogeny for these fungi and their hosts and to study if the endolichenic/lichenicolous fungi 
make host preferences based on the secondary chemistry of the host lichen. 
The objective of Chapter IV was to investigate ecological characteristics and the 
distribution of five species in section Implexae, i.e. B. capillaris, B. fuscescens, B. implexa, B. 
kuemmerleana and B. vrangiana, and their chemotypes in Finland to see if they corroborate 
recent taxonomic concepts. 
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3. MATERIAL AND METHODS 
 
3.1 Taxon sampling 
 
The species delimitation within section Implexae changed during the preparation of this thesis 
which has resulted in the use of two kinds of nomenclature. In Chapters I and II, the taxonomic 
concept of Brodo & Hawksworth (1977) and Holien (1989) was followed, whereas in Chapters 
III and IV the taxonomic concept of Velmala et al. (2014) was adopted. 
For the taxonomic delimitation of genera Bryoria and Sulcaria (I) 112 specimens were 
included in the analyses. A total of 71 specimens represented Bryoria from all five sections and 
eight specimens represented four species of Sulcaria. In addition, specimens representing 
genera Alectoria, Bryocaulon, Gowardia, Nodobryoria and Pseudephebe were also included in 
the analyses. Herbarium specimens are deposited in H, KUN-L, OULU, Siuslaw National 
Herbarium, UBC, and UPS. 
For the study of photobionts associated with Bryoria (II), 81 Bryoria specimens were 
included in the analyses. These specimens represent 16 different Bryoria species covering all 
five sections. The taxon selection focused specifically on species in section Implexae which 
show high variation in secondary metabolite content in order to examine if photobiont identity 
correlates with lichen secondary chemistry. In addition, multiple specimens of B. fremontii 
(section Tortuosae as defined by Myllys et al. 2011) were included to examine whether 
concentration of vulpinic acid correlates with photobiont phylogeny. Most specimens included 
in this study originate from Fennoscandia and North America but specimens from Greenland, 
India, Iran, Russia, and Spain were also used. Herbarium specimens are deposited in H, Hb. 
Spribille, KLGO, OULU, TRH, and UBC.  
In Chapter III, 51 infected thalli collected from Finland, Canada, Russia and USA were 
included in the analysis. The material represents both herbarium specimens and fresh material 
collected for study in Chapter IV. Specimens included in this study are deposited in AKFWS, 
H, KPABG, and UBC.  
In Chapter IV, 1253 specimens of Bryoria capillaris, B. fuscescens, B. kuemmerleana, B. 
implexa and B. vrangiana were collected to study the chemical diversity and ecology of these 
species in Finland. The specimens were randomly collected from 23 circular study plots of 20 
m in diameter from seven different localities in Finland. Specimens are deposited in H. 
 
3.2 Analysis of lichen secondary chemistry 
 
In Chapters I-IV, lichen secondary metabolites were analyzed with thin layer chromatography 
(TLC). Secondary compounds were extracted in acetone from small pieces of thallus branch 
and pipetted on 10 x 20 cm Merck silica gel 60 F-254 pre-coated glass plates. Extracts were run 
in solvent systems A and B (Orange et al. 2001). 
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3.3 Molecular data 
 
In Chapters I-III, total genomic DNA was extracted from dried lichens using Qiagen’s DNeasy 
Blood & Tissue Kit following the manufacturer’s protocol with the exceptions mentioned in 
Myllys et al. (2011). Several DNA regions were sequenced for phylogenetic analyses. In 
Chapter I, ITS regions of the nuclear ribosomal DNA, partial Glyseraldehyde-3-phosphate 
dehydrogenase (GAPDH) and partial Minichromosome maintenance protein 7 gene (Mcm7) of 
Bryoria were sequenced. In Chapter II, ITS regions were sequenced from both mycobionts and 
photobionts. The mycobiont data set was completed with the partial sequence of GAPDH and 
partial sequence of the small subunit of the mitochondrial ribosomal DNA (mtSSU), and the 
photobiont data set with the partial sequence of the cytochrome oxidase subunit 2 gene (COX2). 
In Chapter III, nuclear small subunit ribosomal DNA (nSSU), 5.8S ribosomal DNA and partial 
nuclear large subunit ribosomal DNA (nLSU) were sequenced from nine Tremellales samples 
representing three species. In addition, ITS regions and partial nLSU were sequenced from 51 
Tremellales samples, and ITS regions, partial GAPDH and partial Mcm7 were sequenced from 
Bryoria hosts. DNA amplification was performed as described in each chapter using PuReTaq 
Ready-To-Go PCR beads (GE Healthcare) following the manufacturer’s protocol (Table 1). 
DNA sequencing was done by Macrogen Inc. (www.macrogen.com/eng). 
 
Table 1. Primers used in DNA amplification and sequencing in chapters I-III. 
DNA 
region 
Primer Sequence (5'–3') Reference Thesis 
chapter 
ITS ITS1F cttggtcatttagaggaagtaa Gardes & Bruns 1993 I, II, III 
ITS ITS4 tcctccgcttattgatatgc  White et al. 1990 I, II, III 
ITS ITS1-LM gaacctgcggaaggatcatt Myllys et al. 1999 I, II, III 
ITS ITS2-KL atgcttaagttcagcgggta Lohtander et al. 1998 I, II, III 
ITS ITS1AKL gtgctggtgaagtgttcgga Dahlkild et al. 2001 II 
GAPDH Gpd-1LM attggccgcatcgtcttccgcaa Myllys et al. 2002 I, II, III 
GAPDH Gpd-2LM cccactcgttgtcgtacca Myllys et al. 2002 I, II, III 
mtSSU mtSSU1-KL agtggtgtacaggtgagta Lohtander et al. 2002 II 
mtSSU mtSSU2-KL atgtggcacgtctatagccca Lohtander et al. 2002 II 
Mcm7 X_mcm7_F cgtacacytgtgatsgatgtg Leavitt 2010 I, III 
Mcm7 Mcm7-1348rev gayttdgciacicciggrtcwcccat Schmitt et al. 2009 I, III 
Cox2 COXIIf2 ttaacgcctaacgagggaac Lindgren et al. 2014a II 
Cox2 COXIIr atacgaaatcccgttcctga Lindgren et al. 2014a II 
nSSU nu-SSU0021 ctggttgattctgccagt Gargas & DePriest 1996 III 
nSSU nu-SSU1750 aaaccttgttacgactttta Gargas & Taylor 1992 III 
nSSU NS1 gtagtcatatgcttgtctc White et al. 1990 III 
nSSU NS19 ccggagaaggagcctgagaaac Gargas & Taylor 1992 III 
nSSU T-nuSSU1-3 ctttcggaataccaaaagggycaag Millanes et al. 2011 III 
nSSU TnuSSU2-3 ttttgatcccctaaccttcgttct Millanes et al. 2011 III 
nLSU BasidLSU1-5 tagcgaacaagtaccgtgagg Millanes et al. 2011 III 
nLSU BasidLSU3-3 cgactgacttcaatcgt Millanes et al. 2011 III 
nLSU BasidLSU3-5 acgattgaagtcagtcg Millanes et al. 2011 III 
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nLSU LR0R acccgctgaacttaagc Vilgalys unpublishedb  III 
nLSU LR5 atcctgagggaaacttc Vilgalys & Hester 1990 III 
nLSU LR7 tactaccaccaagatct  Vilgalys & Hester 1990 III 
a Modified from Fernández-Mendoza et al. (2011), primer sequences in reverse. 
b (http://sites.biology.duke.edu/fungi/mycolab/primers.htm) 
 
3.4 Phylogenetic analyses 
 
DNA sequences were assembled in SeqMan II v.4.0 (DNASTAR) and aligned with MUSCLE 
v.3.8.1 (Edgar 2004) located at CSC – IT Center for Science (http://www.csc.fi/english) using 
default parameters. The aligned matrices were manually edited when necessary and aligned 
sequences from different genetic markers were combined into a concatenated matrix in 
MacClade v.4.08 (Maddison & Maddison 2005). Maximum parsimony analyses were 
conducted in TNT v.1.1 (Goloboff et al. 2008), maximum likelihood analyses in RAxML 
v.8.1.15 (Stamatakis 2014), and Bayesian analyses in MrBayes v.3.2.1 (Huelsenbeck & 
Ronquist 2001). For maximum likelihood analyses, the substitution model GTRGAMMA was 
selected for all partitions. For Bayesian analyses the optimal substitution model was selected 
by calculating AIC scores for each partition in jModelTest2 v.2.1.1 (Guindon & Gascuel 2003; 
Darriba et al. 2012). The phylogenies were drawn using FigTree v.1.4.0 (Rambaut 2006) and 
CorelDRAW Graphic Suite X5.  
 
3.5 Haplotype analysis 
 
In Chapter III, the haplotype network analysis was performed in TCS v.1.21 (Clement et al. 
2000). 
 
3.6 Statistical analyses 
 
In Chapter IV, Statistical analyses, including Chi-Square test, Mann-Whitney U test and 
analysis of variance (ANOVA) were performed in IBM SPSS Statistics 22.  
 
 
4. RESULTS AND DISCUSSION 
 
4.1 Taxonomic delimitation of Bryoria and phylogenetic placement of Bryoria 
pseudocapillaris and B. spiralifera 
 
Bryoria pseudocapillaris and B. spiralifera are both characterized by pendent or sub-pendent 
growth form, spinulose side branches and long, depressed and sometimes twisted 
pseudocyphellae. In their revision of North American alectorioid lichens, Brodo & Hawksworth 
(1977) placed these species in Bryoria section Implexae due to their resemblance of B. 
capillaris and B. kuemmerleana. However, they pointed out that the two species might equally 
belong to the genus Sulcaria because of their strikingly long pseudocyphellae that differ from 
the more inconspicuous pseudocyphellae of other species placed in section Implexae. Brodo & 
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Hawksworth (1977) also suspected a close relationship between the two species based on their 
branching pattern, thallus color and habitat preferences. Both species are restricted to coastal 
areas of western North America.  
Phylogenetic analyses of 112 specimens performed in Chapter I revealed that Bryoria 
pseudocapillaris and B. spiralifera do indeed belong to the genus Sulcaria. They formed a 
strongly supported monophyletic clade in all three phylogenies. The high (99-100%) ITS 
sequence similarity of Bryoria pseudocapillaris and B. spiralifera and the existence of 
intermediate forms strongly suggest that the two species are conspecific. As a consequence, B. 
pseudocapillaris and B. spiralifera were synonymized under the name Sulcaria spiralifera 
(Brodo & D. Hawksw.) Myllys, Velmala & Goward comb. nov. 
In this study, the genetic marker Mcm7 was used for the first time to examine 
phylogenetic relationships of Bryoria spp. However, it did not provide any additional 
information on phylogenetic relationships in section Implexae. In general, the ITS+Mcm7 
phylogeny was less resolved than the phylogeny based on combined ITS+Mcm7+GAPDH 
sequence data in spite of the fact that GAPDH sequences could not be obtained from some 
specimens.              
 
4.2 Photobionts associated with Bryoria 
 
The phylogenetic analyses of 89 photobiont specimens showed that the great majority of 
Bryoria species associate with photobionts that belong to the so called Trebouxia simplex group. 
This group comprises several yet undescribed phylogenetic species (Opanowicz & Grube 2004; 
Doering & Piercey-Normore 2009). One of the species, T. ‘hypogymniae’, associated with all 
the species in section Implexae included in this study, as well as with B. americana, B. 
nadvornikiana, B. nitidula and B. simplicior. Bryoria fremontii associated with either T. 
‘angustilobata’ or T. ‘lethariae’. None of the three algal species have been formally described 
due to the lack of cultured strains. Bryoria furcellata associated with T. simplex. In the 
combined ITS and COX2 phylogeny, the photobiont of B. furcellata formed a sister clade to 
the photobionts of B. bicolor and B. tenuis. However, the exact identity of photobionts of B. 
bicolor and B. tenuis remains unclear. Bryoria smithii has a different photobiont from the 
remaining Bryoria species included in this study. Its photobiont is closely related to T. 
asymmetrica and T. decolorans and does not belong to the Trebouxia simplex group. 
Comparison of photobiont and mycobiont phylogenies revealed different levels of 
selectivity. Some species, i.e. Bryoria bicolor, B. furcellata, B. smithii and B. tenuis, were found 
to be selective towards their photobionts. Species of section Implexae all associate with the 
same photobiont indicating that they are selective towards their photobiont only at the section 
level. The result is not surprising as genetic diversity in this group is extremely low as shown 
by the mycobiont phylogeny and previous studies (Myllys et al. 2011). Bryoria americana and 
B. fremontii do not seem to be very selective towards their photobionts since both species 
associate with at least two different photobiont lineages.   
Most Bryoria species reproduce asexually from soredia or in some cases by 
fragmentation, and the occurrence of sexual fruiting structures is rare in most species. 
Therefore, it would be logical to assume that at least part of the observed pattern of high 
selectivity is attributable to the predominantly asexual reproductive mode and the vertical 
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transmission of algal symbionts. However, other factors may also explain high levels of fungal 
selectivity for algal partners (e.g. fitness-based specialization). Similarly, although production 
of ascomata is rare in most of the sampled species, even rare sexual reproductive events would 
decouple the symbionts and likely reduce the observed level of selectivity.   
In some of the species examined in Chapter II the photobiont phylogeny showed some 
level of pattern of structuring according to geography. A group of Bryoria fremontii specimens 
originating from Canada associated with Trebouxia ‘lethariae’ a photobiont lineage not found 
to associate with any other Bryoria species in this study. In addition, photobionts from North 
American specimens of section Implexae were found in one subclade of T. ‘hypogymniae’. In 
these cases mycobionts could prefer photobionts adapted to local environmental conditions.  
Correlation between secondary chemistry and photobiont identity was not observed in the 
chemically diverse section Implexae as species having different chemistries did not have their 
own photobionts. All species in this section probably associate with one photobiont species, 
Trebouxia ‘hypogymniae’, which appears to be able to tolerate several lichen substances. 
Similarly, secondary chemistry did not correlate with photobiont identity in Bryoria fremontii 
which contains vulpinic acid in varying amounts or lacks the substance altogether. Photobionts 
from specimens with or without vulpinic acid did not form their own clades in the photobiont 
phylogeny. 
 
4.3 Phylogenetic placement of Tremellales associated with Bryoria or Phacopsis   
huuskonenii 
 
So far five lichenicolous fungal species are known to associate with Bryoria. These include 
Abrothallus bryoriarum, Lichenostigma maureri, Opegrapha bryoriae, Phacopsis huuskonenii 
and Sphaeropezia bryoriae (Pegler 1982; Hafellner 1994; Peršoh & Rambold 2002; Baloch et 
al. 2013; Zhurbenko & Vershinina 2014). While trying to sequence Phacopsis huuskonenii 
specimens, my co-workers and I came across several sequences from unidentified 
basidiomycete species. Phylogenetic analyses of these sequences revealed that they belong to 
the tremellomycete order Tremellales that include many species parasitic on or cohabiting with 
lichen forming fungi. The obtained sequences represent three different species two of which 
(Tremella sp. B and T. huuskonenii) grouped together with lichenicolous Tremella species and 
one (Tremellales sp. A) with species belonging to the mycoparasite family Cuniculitremaceae. 
Morphological examination of specimens representing Tremellales sp. A and Tremella sp. B 
revealed no basidiomycete cells or hyphae with clamp connections. Therefore, these species 
remain undescribed for the time being. Tremellales sp. A was obtained only from three 
specimens from a single locality in northern Finland. Considering that the lichen thalli from 
which the sequences were obtained were not surface sterilized prior to DNA extraction, the 
possibility that Tremellales sp. A is a contaminant cannot be ruled out. Tremella sp. B on the 
other hand was obtained from seven lichen thalli collected from Europe and North America. 
Tremella sp. B possibly represents endolichenic species since it appears to grow 
asymptomatically in Bryoria thalli. Most endolichenic fungi belong to ascomycetes 
(Pezizomycotina) and so far no endolichenic species of Tremellales have been described despite 
the fact that representatives of this order are encountered from time to time while trying to 
sequence lichen mycobiont DNA (Ekman 1999). 
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A formal description for the third basidiomycete species discovered in this study, T. 
huuskonenii, is provided in Chapter III. Morphological examination of the T. huuskonenii 
specimens revealed that the species is actually a mycoparasite growing over ascomata of a 
lichenicolous fungus Phacopsis huuskonenii, not directly over Bryoria thalli, and is thus a 
hyperparasite. Tremella huuskonenii is distinguished from most known lichenicolous Tremella 
species by its entirely black, non-gall-inducing basidiomata, and by the rather small, usually 1-
transseptate basidia and relatively short epibasidia. The species is closely related to 
lichenicolous species associated mostly with the members of Parmeliaceae. This is not 
surprising since P. huuskonenii, the host of T. huuskonenii, also belongs to Parmeliaceae 
(Peršoh & Rambold 2002; Crespo et al. 2007 and 2010).  
Phacopsis huuskonenii is highly host specific growing obligately on Bryoria. It is mostly 
confined to section Implexae but in this study it was found to occur also on one specimen of B. 
nadvornikiana. The exact distribution range of P. huuskonenii is poorly known but it can be 
assumed to follow the distribution range of its host. Tremella huuskonenii specimens included 
in Chapter III originate from North America (Canada and USA), Finland and Russia, 
suggesting that the species has a wide distribution range. The ITS+LSU phylogeny did not 
reveal any pattern of structuring according to geography for T. huuskonenii. However, the ITS 
haplotype analysis revealed that some haplotypes are more common in Europe than in North 
America and vice versa.  
Sequencing of Phacopsis huuskonenii specimens proved mostly unsuccessful. 
Consequently, the phylogeny of T. huuskonenii could not be compared with its primary host to 
examine the patterns of host specificity. Instead, T. huuskonenii phylogeny was compared with 
the phylogeny of its secondary host Bryoria spp. The visual inspection of the phylogenies 
revealed no host species specific lineages of T. huuskonenii.  
Only a few studies have examined the role of lichen secondary chemistry on host 
specificity in lichenicolous fungi and the results have shown that while the growth of some 
parasites is inhibited by the lichen substances many lichenicolous fungi are able to tolerate the 
secondary substances produced by their hosts (Lawrey et al. 1999; Torzilli et al. 1999; Werth 
et al. 2013). It would be logical to assume that both endolichenic and hyperparasitic fungi are 
likely to be influenced by the host secondary chemistry as well. In this study, the phylogeny of 
Tremella huuskonenii and Tremella sp. B did not show any pattern of structuring according to 
the secondary chemistry of Bryoria section Implexae species. Lichenicolous fungi have also 
been found to produce secondary metabolites (Hawksworth et al. 1993). In this study, the 
secondary metabolite content of Phacopsis huuskonenii was not, however, investigated. Further 
studies with extended taxon sampling are needed before any conclusions can be made regarding 
the effect of host secondary chemistry on host specificity in the Tremella huuskonenii-
Phacopsis huuskonenii hyperparasite complex. 
 
4.4 Ecological characteristics and chemical diversity of Bryoria section Implexae in 
Finland 
 
Recent studies involving Bryoria section Implexae have focused on examining the taxonomy 
and phylogenetic relationships of this group (Myllys et al. 2011; Velmala et al. 2014). Studies 
concerning the ecology of these species have remained scarce due to the uncertain taxonomic 
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status of many species in the section. In many studies where the ecological preferences of 
alectorioid lichens have been examined species belonging to section Implexae have been treated 
as one unit because of identification problems.       
In Chapter IV, ecological preferences and distribution of five species of section Implexae 
and their chemotypes in Finland were examined. The results showed that despite the lack of 
genetic variation, many species have different habitat preferences and distribution patterns. 
Bryoria capillaris which is characterized by the production of barbatolic acid is the most 
abundant species in managed forests in the southern boreal zone. It seems to prefer sheltered 
Picea dominated-forests. The thallus color of B. capillaris seems to vary along a south-north 
gradient since thalli in southern study sites were pale greyish-green in color whereas thalli in 
northern study sites were light brown. The observed variation in the thallus color, due to the 
higher content of cortical melanin pigments in the northern individuals, could result from 
differences in illumination between shady forests in the southern boreal zone and more open 
and better illuminated forests in the middle and northern boreal zone. 
The habitat requirements of Bryoria fuscescens are similar to B. capillaris although this 
could not be statistically tested due to the scarcity of B. fuscescens specimens included in the 
study. The surprisingly low occurrence of B. fuscescens observed in Chapter IV could be a 
result of earlier misidentifications or different taxonomic concepts or both. Bryoria fuscescens 
resembles darker and sorediate forms of B. vrangiana and both species produce 
fumarprotocetraric acid (chemotype 2 in B. vrangiana). Bryoria fuscescens is usually 
distinguished from B. vrangiana by the lack of pseudocyphellae. However, in some dark forms 
of B. vrangiana pseudocyphellae can be inconspicuous and these forms could be rather easily 
confused with B. fuscescens. 
Bryoria vrangiana is a common species throughout the country although it seems to 
prefer late successional habitats and habitats where the overall Bryoria abundance is high. The 
different chemotypes of B. vrangiana have their own distributional preferences. Gyrophoric 
and fumarprotocetraric acid containing chemotypes were the most abundant in southern and 
middle boreal zones whereas the chemotype 3 (no lichen substances) clearly prefers habitats in 
the middle and northern boreal zones. 
Bryoria implexa and B. kuemmerleana are rare species with special habitat requirements. 
Their distribution is restricted to middle and northern boreal zones and they prefer habitats with 
high Bryoria abundance. Although the majority of B. implexa and B. kuemmerleana specimens 
included in Chapter IV originate from old growth forests their habitat preference could not be 
statistically tested due to the rare occurrence of these species.  
 
 
5. CONCLUSIONS 
 
In this thesis, I have examined the phylogenetic relationships and symbiotic interactions in the 
lichenized euascomycete genus Bryoria.  I was especially interested in the chemical variation 
of the section Implexae: does it correlate with ecological factors, the identity of the photobiont 
and/or with the phylogeny of the secondary fungi associated with Bryoria spp? 
In Chapter I, the phylogenetic placement and taxonomic status of Bryoria 
pseudocapillaris and B. spiralifera was successfully resolved based on molecular markers and 
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these two species were synonymized under the name Sulcaria spiralifera. The remaining 
species in section Implexae can be distinguished from Bryoria species belonging to other 
sections as well as from the species of other closely related genera by both morphological and 
molecular characters.  
Chemical characters have proved to be very important in the taxonomy and systematics 
of section Implexae especially when examined in conjunction with the ecological characteristics 
of the species as exemplified in Chapter IV. Bryoria capillaris, B. implexa and B. 
kuemmerleana, all species characterized by distinct secondary substances, were observed to 
have clear distribution patterns and habitat preferences in Chapter IV. In addition, the three 
chemotypes of B. vrangiana also seem to have their own ecological preferences. The results of 
this study suggest that environmental factors may play an important role in the production and 
in the observed pattern of distribution of secondary metabolites in section Implexae. Whether 
environmental conditions are directly controlling secondary chemistry, remains to be studied. 
No correlation between the photobiont identity and the secondary chemistry of the lichen 
was observed in Chapter II. Instead, in most cases there was a correlation between the 
photobionts and the taxonomy of their mycobionts. The results indicate that most Bryoria 
species examined are highly selective towards their photobiont partners.  All species of section 
Implexae included in Chapter II associated with the same photobiont most probably reflecting 
the low genetic diversity found in the section. It seems that the photobiont associated with these 
species has a wide ecological amplitude and is able to tolerate several different lichen 
substances. 
The hyperparasite Tremella huuskonenii described in Chapter III is an intriguing example 
of the fungal diversity associated with lichen symbiosis. The parasitic and endolichenic fungi 
that were discovered in this study originated mostly from section Implexae species with the 
exception of one B. fremontii and B. nadvornikiana specimen. Further studies are needed to 
examine the host species range and host specificity of these fungi but as already shown in this 
study their host selection is not likely to be restricted to section Implexae. Previous studies have 
suggested that lichen secondary chemistry play, at least in part, a role in host specificity in 
lichenicolous fungi. Further studies are required to examine if this is the case also with 
hyperparasitic Tremella huuskonenii growing on the lichenicolous fungus Phacopsis 
huuskonenii. 
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